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ABSTRACT
Purpose: Although experimental data have suggested that temporary occlusion of the coronary sinus
(CS) can facilitate the creation of transmural lesions across the atrial wall (AW) during mitral isthmus
radiofrequency (RF) ablation, no computer modeling study has yet been made on the effect of the
blood flow inside the epicardial vessels and its stoppage by an occlusion balloon.
Methods: Computer simulations using constant power were conducted to study these phenomena by
two methods: (1) by setting blood velocity in the CS to zero, which mimics a distal occlusion; and (2)
by including a balloon filled with air in the model just below the ablation site, which mimics a prox-
imal occlusion.
Results: For short ablations (15 s) and perpendicular electrode/tissue orientation, lesion size was
smaller with proximal occlusion compared to distal or no occlusion, regardless of the AW-CS distance
(from 0.5mm to 3.4mm). For other angulations (0 and 45) lesion size was almost the same in all
cases. For longer ablations (60 s), the internal CS blood flow (no occlusion) considerably reduced lesion
size, while stoppage combined with the proximal presence of a balloon produced the largest lesions.
This performance was similar for different catheter angulations (0, 45 and 90). Balloon length (from
10 to 40mm) was found to be an irrelevant parameter when proximal occlusion was modeled.
Conclusions: Using an air-filled balloon to occlude CS facilitates mitral isthmus ablation in long abla-
tions, while proximal occlusion could impede transmural lesions in the case of short ablations (15 s).
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1. Introduction
Mitral isthmus radiofrequency (RF) ablation is a well-estab-
lished technique for the treatment of peri-mitral atrial flutter.
It classically involves creating an endocardial ablation line
extending from the mitral annulus to the left inferior pul-
monary vein (LIPV). The mean distance from the LIPV to the
mitral annulus is 35mm [1], while the mean thickness of
the atrial wall in this region is only 3mm, which suggests
that a transmural lesion should be achieved with the cur-
rently used ablation catheters. However, the presence of two
epicardial vessels (left circumflex coronary artery –LCx– and
coronary sinus –CS–) near the mitral annulus is thought to
act as a heat-sink and to prevent transmural lesions during
endocardial ablation by removing heat from the sub-epicar-
dial muscle fibers in the mitral annulus. In fact, an experi-
mental study by Fuller and Wood [2] demonstrated that the
blood flow in the intramyocardial vessels prevents the forma-
tion of transmural lesions, at least does so in the case of a
thin marginal artery (0.34mm diameter). In the larger vessels,
such as the CS, direct evidence of its role in heat-sink was
found in a previous work by some of the present authors [3],
which studied the effect of temporary occlusion of the CS
with an air-filled balloon to displace the blood pool in a por-
cine model. The balloon was positioned with its center just
under the ablation point. The results showed that when the
balloon was not inflated, 90% of the ablation lines were not
ablated on the most epicardial side of the mitral isthmus.
However, transmural lesions were achieved on all lines when
the balloon was inflated. There was no significant difference
in catheter tip temperature, mean power or impedance
with and without CS balloon inflation, which suggests that
CS occlusion was the critical factor in creating trans-
mural lesions.
Although there is experimental evidence on the thermal
effect of the epicardial vessels in the mitral isthmus during
RF ablation with an occlusion balloon, some important issues
have still not been addressed, for example the effect of bal-
loon length, the distance between atrial wall and epicardial
vessels, and ablation duration. Although computer modeling
has traditionally been used as a proof-of-concept before con-
ducting ex vivo and in vivo experiments, in this case it seems
reasonable to use an in-silico model to solve these questions.
In fact, this approach can map electrical current density
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distribution around the ablation electrode, which is impos-
sible with an experimental setup, and could physically
explain some of the results. Our objective was thus to
describe the electrical and thermal impact of vascular struc-
tures near the ablation line and the effect of occluding the
CS with an air-filled balloon during mitral isthmus ablation in
a mathematical model including electric, thermal and fluid




Figure 1 shows the modeled physical situation in which an
ablation electrode is placed on the endocardium following
an ablation line extending from LIPV to mitral valve (MV) [4].
Two epicardial vessels (left circumflex coronary artery –LCx–
and coronary sinus –CS–) are typically situated just below
this ablation line. Figure 2 shows the geometry and dimen-
sions of the proposed three-dimensional computational
model. It consisted of an irrigated-tip electrode (3.5mm, 8 Fr)
with multi-holes in the distal zone, which corresponds with
the commercial model ThermoCoolVR SF (Biosense Webster,
Diamond Bar, CA, USA). To reduce computational complexity,
the irrigation holes were not individually included in the
physical model, as their small size would require an unneces-
sarily fine computational mesh in their neighborhood [5,6].
The electrode was initially placed perpendicular to the endo-
cardial surface of the mitral isthmus and inserted into cardiac
tissue to a depth of 0.5mm, similar to the range of penetra-
tion depths of RF ablation electrode in frequently ablated
areas of the endocardium [7]. The electrode was assumed to
be statically placed on a flat surface, specifically at the worst
place in terms of capacity to create a transmural lesion, i.e.,
near to the epicardial vessels, and hence where the heat-sink
effect could be expected to be the highest, implying that
the length of the ablation line was irrelevant in the context
of this study. Indeed, the important parameter in our in silico
analysis was the spatial distribution of the elements along
the entire wall bounded by the endocardium and epicar-
dium: the atrial wall and epicardial vessels [8].
The atrial wall (pink in Figure 2) was assumed to be com-
posed of muscle fibers. We also included a layer of adjacent
fibrofatty tissue surrounding the epicardial vasculature. Due
to lack of information on the electrical and thermal charac-
teristics of fibrofatty tissue, we assumed it to be a combin-
ation of adipose and connective tissue. Finally, we added the
vagus nerve plexus and a zone of fibrous pericardium and
fibrofatty tissue of irregular thickness containing arteries. In
the computer model this zone was assumed to be homogen-
ous ‘connective tissue’ (see Figure 2(A)) and was included
farther away in the model so as not to impact on the ther-
mal lesion. The dispersive electrode was modeled as a
boundary condition on the bottom surface of the connective
tissue layer. The thickness of the convective tissue layer and
the cardiac chamber dimensions (X, Y and Z) were estimated
by means of a convergence test in order to avoid boundary
effects. In this test, the value of the maximal temperature
achieved in the tissue (Tmax) after 60 s of RF heating was
used as a control parameter. To determine the appropriate
parameters of C, X and Y (Z¼ Y), we increased their values
by equal amounts. When the difference in the Tmax between
consecutive simulations was less than 0.5% we considered
Figure 1. Anatomical context modeled in the study. Anatomical pictures (left) and histological image (right) showing the spatial relation between the catheter
ablation electrode and the two epicardial vessels (left circumflex coronary artery –LCx– and coronary sinus –CS–) (reused from Damian Sanchez-Quintana et al. [4],
which is an open access article distributed under the Creative Commons Attribution License).
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the former values to be adequate. We then conducted a
similar convergence test to determine adequate spatial and
temporal resolution using the same control parameter.
Discretization was spatially heterogeneous: the finest zone
was always the electrode-tissue interface, where the
largest voltage gradient was produced and hence the max-
imum value of current density. In the tissue, grid size was
increased gradually with distance from the electrode-
tissue interface.
Regarding the relative spatial arrangement between LCx
and CS, we considered the case of non-interposed LCx,
where LCx is beyond the CS, on the site exactly opposite to
the ablation electrode. The CS diameter was set to 7mm [9],
while the LCx diameter was 2.3mm, which is within the
reported range of 1.9 – 2.7mm [8]. The distance between CS
and LCx was 1.6mm [8], and the thickness of the fibrofatty
layer from LCx to connective tissue was 1mm [8].
We redesigned the model to include different electrode-
tissue angular orientations, since the electrode is not always
perpendicular during ablation inside the left atrium, consid-
ering two additional electrode positions with respect to the
tissue: 0 (parallel) and 45. The criterion was to maintain the
same electrode insertion depth inside the tissue in all posi-
tions, with a different electrode surface in contact with the
tissue in each case: 2.04mm2, 3.72mm2 and 3.60mm2 for 90,
45 and 0, respectively.
2.2. Modeling of the occlusion
We studied the electrical and thermal effect of balloon occlu-
sion of the coronary sinus under different distances from the
atrial wall (AW) and CS (from an extremely low value of
0.5mm to a typical value of 3.4mm). Stopping the blood
flow in the CS was modeled in two ways: (1) by simply set-
ting the blood velocity to zero, to mimic a distant occlusion
caused by a balloon at a certain distance from the ablation
electrode, and hence where the portion of CS just below the
ablation electrode would be full of blood at rest; and (2) by
including in the model a balloon filled with air just below
the ablation site (see Figure 2(B)), i.e., a proximal occlusion.
In this second scenario, the effect of the length of the bal-
loon (from 10 to 40mm) was also assessed. The balloon was
assumed to completely stop the blood flow inside the CS.
The balloon membrane thickness was considered to be negli-
gible. Two values of atrial wall thickness were considered:
2.7mm and 3.4mm. This means we considered four in silico
scenarios by varying atrial wall thickness and the AW-CS dis-
tance (see Figures 3 and 4): case A) typical anatomical values
with an atrial wall of 2.7mm [8] and distance between
AW–CS of 3.4mm; cases B, C and D) with anatomical config-
urations hampering complete transmural lesions, i.e., atrial
wall of 3.4mm and decreasing AW–CS distances (1.6, 1.0 and
0.5mm). The different values of AW–CS distance were to
model patients of different body size and diverse fibro-fatty
tissue thickness.
The goal of mitral isthmus RF ablation is to create an
isolating lesion across the entire AW, i.e., to achieve a trans-
mural lesion while avoiding thermal damage to the epicar-
dial vessels. With this in mind, we planned a set of computer
simulations to obtain the temperature distributions and ther-
mal lesion contours for all the above-described cases. The
50 C isotherm was used as the thermal lesion contour, since
previous studies consider this the threshold necessary to
achieve irreversible tissue injury [10,11].
Figure 2. Geometry of the model (out of scale, dimensions in mm). A: Front view showing the spatial distribution of the left circumflex coronary artery (LCx) and
coronary sinus (CS). The dimensions of cardiac chamber X¼ 80mm and Y¼ 40mm (Z¼ Y) and connective tissue C¼ 23mm were obtained from a convergence
test. An irrigated multi-hole electrode (3.5mm, 8 Fr) inserted a depth of 0.5mm in the tissue was modeled: ThermoCoolV
R
SF (Biosense Webster, Diamond Bar, CA,
USA). The dispersive electrode was modeled by an electrical boundary condition on the bottom surface of the model (thick black line). The saline irrigation through
the small holes in the electrode tip was modeled by an inlet velocity boundary condition (usaline) at the electrode-blood interface. B: Side view showing how the CS
goes across the model, and the occlusion balloon (length L) occupies the zone exactly under the electrode (proximal occlusion).
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Figure 3. Temperature distributions (scale in C) at 15 s with the electrode in perpendicular position for four arrangements: (A) typical case with 2.7mm atrial wall
(AW) and 3.4mm distance from AW to CS (AW-CS distance); (B) 3.4mm AW and 1.6mm AW-CS distance; (C) 3.4mm AW and 1mm AW-CS distance; (D) 3.4mm
AW and 0.5mm AW-CS distance. Lines represent the thermal lesion contours for the cases without occlusion (solid white line), with distal occlusion (solid black
line), and with proximal occlusion (dashed black line), i.e., with the 40mm balloon just below the electrode.
Figure 4. Temperature distributions (scale in C) at 60 s with the electrode in perpendicular position for four arrangements: (A) typical case with 2.7mm atrial wall
(AW) and 3.4mm distance from AW to CS (AW-CS distance); (B) 3.4mm AW and 1.6mm AW-CS distance; (C) 3.4mm AW and 1mm AW-CS distance; (D) 3.4mm
AW and 0.5mm AW-CS distance. Lines represent the thermal lesion contours for the cases without occlusion (solid white line), with distal occlusion (solid black
line), and with proximal occlusion, i.e., with the 40mm balloon just below the electrode (dashed black line).
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2.3. Computer model
The computer model involved solving a coupled electric-
thermal-flow problem, which was done numerically using the
Finite Element Method (FEM) on COMSOL Multiphysics soft-
ware (COMSOL, Burlington MA, USA). The governing equa-
tion for the thermal problem was the Bioheat Equation,
while blood velocity was computed by the incompressible
Navier-Stokes Equations in a modeling pipeline similar to the
one used in [5,6,12,13]. The Bioheat Equation modified by
the enthalpy method [14], incorporating the phase change in
order to model tissue vaporization.
oðqhÞ
ot
¼ r  ðkrTÞ þ qQp þ Qmqcu  rT (1)
where q was density (kg/m3), h enthalpy (J/kg), t time (s), k
thermal conductivity (W/m·K), T temperature (C), q the heat
source caused by RF power (W/m3), Qp the heat loss caused
by blood perfusion (W/m3) and Qm the metabolic heat gen-
eration (W/m3). Qp was not considered since its effect was
expected to be minor in our study [15]. Likewise, Qm was not
considered because its effect is negligible in comparison to
the other terms [16]. In biological tissues, enthalpy is related
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where qi and ci were the density and specific heat of cardiac
tissue before phase-change (i.e., liquid phase, i¼ l) and post-
phase-change (i.e., gas phase, i¼ g), respectively; Hfg was the
latent heat and C the tissue water content. We considered a
latent heat value of 2.162 109 J/m3, which is the product of
the water vaporization latent heat (2257 kJ/kg), the water
density at 100 C (958 kg/m3) [17] and the tissue water con-
tent inside the cardiac tissue (75%).
The last term in Equation (1) is the advection term, which
represents the heat loss due to blood flow. The velocity field
u(x,y,z) (m/s) is described by the incompressible Navier-
Stokes Equations, which consist of a Momentum equation




þ qu  ru ¼ rPþ lr2uþ F (3)
r  u ¼ 0 (4)
where P is the pressure (Pa), l the viscosity of the blood
(2.1 10–3Pas) [18] and F (Fx, Fy, Fz) the body forces (N/m3),
which were neglected in the context of our study [13].
At the frequencies used in RF heating (500 kHz) and
over the distance of interest, the biological medium can be
considered almost totally resistive, and a quasi-static
approach can therefore be used to solve the electrical prob-
lem [19]. The distributed heat source q is then given by
q¼ rjEj2, where jEj is the magnitude of the vector electric
field (V/m) and r the electrical conductivity (S m1)  E ¼
–rA is calculated from the gradient of the voltage U (V),
which, in absence of internal electric sources, satisfies
r(rrA) ¼ 0.
The thermal and electrical properties of the model are
shown in Table 1 [12,20]. The initial model temperature was
37 C, except at the electrode tip, which was 22 C in order
to simulate the initial temperature of an open-irrigated elec-
trode caused by saline irrigation (which is kept at ambient
temperature) [5]. The electrical (r) and thermal conductivity
(k) of cardiac tissue were temperature-dependent piecewise
functions: for r we considered an exponential growth of
þ1.5%/C up to 100 C [18], where 0.541 S/m was the elec-
trical conductivity assessed at 37 C (see Table 1), and was
then reduced by 4 orders for five degrees to model the tis-
sue desiccation process [21]; and k grew linearly 0.12%/C up
to 100 C, 0.531W/mK being the thermal conductivity
assessed at 37 C (see Table 1), after which k was kept con-
stant [22].
We modeled a constant power ablation at the electrode-
tip, which is the usual mode for open-irrigated electrodes in
RF cardiac ablation [5,6]. All the outer surfaces of the model
(except the bottom surface) were fixed to a null electric flux.
The voltage on the bottom surface was set to 0 V (dispersive
electrode) to mimic a monopolar configuration in which RF
current was forced to flow between the active and dispersive
electrodes. Constant power RF ablations were simulated
using a value of 10W. Although this value is lower than that
clinically employed (20 – 35W), it was chosen since higher
values cause steam pops (100 C) in the first few seconds, a
limitation observed in previous modeling studies [16,23–25].
The reason for this discrepancy between the power used in
clinical practice and in the computer model is due to the
simplification used in computer models for RF cardiac abla-
tion of including only a relatively small region around the
active electrode, i.e., the computational domain includes only
a fragment of cardiac tissue and blood, whose size depends
on preventing the boundary conditions from affecting the
results. Additionally, simulation errors may also be respon-
sible for the discrepancy since our model was experimentally
validated. Although this limited domain may be appropriate
in terms of thermal behavior, it means that the computa-
tional domain includes only a section of the electrical circuit
between the active and dispersive electrodes, and hence
assumes that practically all the power delivered by the RF
generator is absorbed by the area around the active elec-
trode. This situation ignores the fact that the RF current actu-
ally passes through tissues of different electrical
conductivities (bone, lung, skin, etc.). In the current clinical
Table 1. Thermal and electrical characteristics of the elements employed in
the models.
Element/Material r (S/m) k (W/mK) q (kg/m3) c (J/kgK)
Electrode/Pt-Ir [12] 4.6 106 71 21500 132
Catheter/Polyurethane [12] 105 0.026 70 1045
Air [20] 0 0.03 1 1004
Cardiac chamber/Blood [12] 0.667 0.541 1000 4180
Connective tissue [20] 0.391 0.39 1027 2372
Fibrofatty tissuea [20] 0.217 0.3 969 2360
Myocardium/Cardiac tissue [12]
Liquid phase 0.541 0.531 1060 3111
Gas phase 370.44 2155.92
r: electrical conductivity; k: thermal conductivity; q: density; and c: spe-
cific heat.
aValues estimated as an average between adipose and connective tissue.
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scenario in which RF cardiac ablation is conducted with pro-
gramed constant power, it is crucial to know how much of
this power is absorbed at the target site and how much by
the rest of the thoracic tissues. The part of the electrical cir-
cuit not associated with the thermal lesion, i.e., away from
the active electrode, has traditionally been ignored, not only
in computational modeling but also in ex-vivo models, which
have always been based on fragments of cardiac tissue
placed in a bath. This meant that both types of study had to
‘justify’ the specified power being less than the power used
in clinical practice, since only part of the domain was consid-
ered. The problem is that this ‘adjustment’ value has never
been sufficiently quantified, in spite of which it is broadly
accepted that part of the power applied by the RF generator
is somehow lost away from the target. However, in the
absence of information on the exact relationship between
total power and that deposited around the active electrode,
it is not possible to make an exact extrapolation. In any case,
an exact quantification of the power is not really necessary,
since our computer modeling study was not intended to
accurately predict the effects of a specific power level, but to
determine how temperature distributions change when the
parameters are changed (for example, occlusion vs. no occlu-
sion, type of occlusion, catheter orientation, etc.). In this
regard, the exact value of the power used in the model
is irrelevant.
Even though ablations imply spot applications of 20–30 s,
the simulations took up to 60 s in order to identify any differ-
ences in the electrical and thermal impact of the occlusion
between short (15 s) and long (60 s) ablations. The results
from 20 – 30 s can be expected to be between those
obtained for 15 and 60 s.
For the thermal boundary conditions, a null thermal flux
was used on the symmetry plane and a constant tempera-
ture of 37 C was fixed on the outer surfaces of the model.
For the velocity boundary conditions, an inlet velocity
boundary condition was applied to the left surface of the
blood volume to simulate a blood flow velocity of 8.5 cm/s,
which in previous studies was considered as a high flow rate
in the cardiac chamber [13]. We conducted additional simula-
tions with a higher flow rate of 25 cm/s in order to assess
whether it had an impact on lesion size, especially on lesion
depth and lesion width at epicardium level. The saline irriga-
tion flow was taken into account by an inlet velocity condi-
tion in the blood region, applied to the electrode-blood
interface surface around the holes, except in the part of
the electrode tip inserted in the tissue (see violet zone in
Figure 2) [5]. The saline velocity condition was calculated as
the ratio between the saline irrigation flow rate and the elec-
trode area through which the saline flows. We considered a
saline irrigation flow rate of 8ml/min, since this is the clinical
value recommended by the manufacturer for a multi-hole
electrode using power levels below 30W [26].
For the problem of solving the blood velocity distribution,
a no slip condition (non-permeable surface) was applied to
the upper surfaces of the blood volume, at the tissue-blood
and electrode-blood interfaces, and at the vessels walls (CS
and LCx). An outlet boundary condition of zero pressure was
fixed on the right surface of the blood volume and on the
outlet CS surfaces (only in the non-occlusion case) and LCx
placed on the symmetry plane. The blood velocity inside the
CS (no occlusion) was simulated by an inlet velocity condi-
tion of 4 cm/s, which was applied at the CS inlet surface
(opposite to the symmetry plane) [9]. In the case of the
blood velocity inside the LCx, we simplified the situation by
assuming a constant velocity of 0.5m/s, which is half of the
peak value reported in [27], and could be close to the aver-
age value. This condition was applied at the CS inlet surface
(opposite to the symmetry plane).
Results
After conducting several convergence tests we obtained the
following optimum values for some relevant geometrical
parameters of the model: dimensions of cardiac chamber,
(X, Y) ¼ (80, 40) mm (Z¼ Y); connective tissue thickness,
C¼ 23mm; grid size of 0.2mm in the finest zone (electrode-
tissue interface); and time step of 0.05 s. The model had
nearly 60,000 tetrahedral elements (10,800 mesh nodes).
Figure 3 shows the temperature distributions at 15 s for
four different arrangements without occlusion, along with
the lesion contour (white solid lines). The temperature inside
the non-occluded CS was always around 37 C, regardless
of the AW–CS distance. The black lines show the thermal
lesion contours for cases with distant (solid line) and prox-
imal occlusion (dashed line). Since the effect of changing the
balloon length was almost irrelevant in all cases, from now
on the figures only represent the 40mm balloon. Figure 3(A)
shows that in short ablations (15 s) the presence of the air-
filled balloon (proximal occlusion) provides smaller lesion
sizes than the non-occluded and distal occlusion cases. For
instance, for a typical AW–CS distance (Figure 3(A)), lesion
width at the epicardial level is 4.9mm, both with and with-
out distant occlusion, while it is reduced to 4.0mm with
proximal occlusion. The lesion depth is also 0.6mm smaller
with proximal occlusion than in the other two cases. In gen-
eral, lesion sizes are very similar with and without distal
occlusion, except for a very short AW–CS distance (Figure
3(B–D)), where lesion size is smaller without occlusion: lesion
width at the epicardial level (interface between atrial wall
and fibrofatty tissue) is 3.1mm for distant occlusion vs. only
1.5mm without occlusion. No lesion is thus presented at the
epicardial level with proximal occlusion. It is also important
to note that in short ablations the lesions have an approxi-
mately conical shape and are wider at the endocardial level
and narrower at the epicardial level.
Figure 4 shows the temperature distributions for a 60 s
long ablation in non-occluded cases along with the lesion
contour (solid white line). Unlike short durations, the lesions
here are more or less oval shaped. It can also be observed
that the temperature inside the CS is always around 37 C,
regardless of the AW–CS distance. As opposed to short abla-
tions, the presence here of the internal CS flow (no occlu-
sion) considerably reduced the lesion size, while stoppage
combined with the balloon (proximal occlusion) produced
the largest lesions. Although both distal and proximal
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occlusion lesions reached the CS itself, they were 1.5mm
deeper with proximal occlusion.
Figure 5 shows the temperature distributions for two dif-
ferent electrode-tissue angular orientations (0 and 45). Only
the case of the 3.4mm thick atrial wall with 1mm between
atrial wall and CS (Case C in Figures 3 and 4) was considered.
When the electrode was not perpendicular to tissue in a
short ablation (15 s), the air-filled balloon (proximal occlu-
sion) caused slightly smaller lesions than the non-occluded
and distal occlusion cases (Figure 5(A,C)). In particular, at 45,
the lesion width at the epicardial level was reduced from
5.3mm with distal occlusion to 3.8mm with proximal occlu-
sion, while at 0 it was reduced from 5.3mm to 3.5mm (at
90 it was reduced from 4.9mm to 4.0mm). In these cases
the lesions were always transmural, unlike the perpendicular
position, in which at 15 s the proximal occlusion lesion was
not. However, the behavior of the different occlusion types
was similar to the perpendicular electrode scenario for larger
ablations (60 s), even though temperature distributions next
to the electrode tip were slightly different, especially at 0,
when the hottest point was at the electrode-plastic shaft
joint (Figure 5(D)). The initial impedances slightly varied
depending on the angle: 98 X, 99 X, and 99 X for 90, 45
and 0, respectively.
Discussion
It is currently accepted that the creation of contiguous and
transmural linear lesions across the mitral isthmus is technic-
ally challenging and may be associated with significant com-
plications [28]. Since extensive ablation on the mitral isthmus
can cause serious complications, including cardiac tampon-
ade, circumflex artery occlusion, and atrio-esophageal fistula
[29,30], increasing the RF power and ablation duration
should be performed very carefully because of the increased
risk of complications [31]. For this reason alternative strat-
egies may be explored to overcome certain anatomic limita-
tions and achieve durable mitral isthmus block, such as
cryoablation [32], ethanol infusion into the vein of Marshall
[33], and temporary occlusion of coronary sinus blood flow
[34,35]. Our study aimed to assess the thermal impact of vas-
cular structures near the ablation site during mitral isthmus
ablations. In particular, we focused on the proximity of the
CS, which has been suggested to act as a heat-sink [3]. We
also assessed how a CS occlusion can alter temperature dis-
tributions. We distinguished between two possible scenarios:
a proximal occlusion by air-filled balloon placed in the CS
segment just below the ablation electrode, and a distant
occlusion balloon, in which case the mentioned CS segment
is full of blood instead of air. Methodologically, we chose an
in silico model, since it is almost impossible to keep the vari-
ables involved under control in an experimental setup
(in vivo/ex vivo): i.e., distance between AW and CS, accurate
relative location between ablation electrode and occlusion
balloon, blood flow inside CS, etc.
Our results suggested that the CS may work as a heat-
sink (when vascular flow is not stopped), keeping its sur-
rounding temperature to 37 C for short (15 s) and long
(60 s) ablations, and even for very short distances between
AW and CS (0.5mm). This heat-sink effect may imply that the
lesion contour encircles the vessel without touching it, which
is especially noticeable at long times (see Figures 4 and
5(B,D)). This result is in agreement with the experimental
findings that found the cardiac tissue around a coronary
artery was not thermally injured after RF ablation [2].
Overall, our results suggest that the presence of the CS
does not impede transmural lesions (even for very small
AW–CS distances), which is in agreement with the clinical
results that reported that CS occlusion does not improve the
overall success rate of the isthmus block [34,35]. In this
respect, our results show that the lesion width at the epicar-
dial level is reduced by the CS’s heat-sink effect, and that
this reduction is more marked at very small AW–CS distances
(0.5mm), reaching a value of 1.5mm for short ablations
(Figure 3(D)) and up to 8mm for long ablations (Figure 4(D)).
This behavior was also confirmed for other catheter positions
(Figure 5). Our results also suggest that this effect could
become more marked in short ablations (Figures 3 and
5(A,C)), with more conical lesion shapes than long ablations
(Figures 4 and 5(B,D)).
Regarding the effect of CS occlusion on the lesion across
the AW, our results show interesting differences between
proximal and distal occlusions. It seems that the presence of
air (proximal occlusion) instead of blood (distal occlusion) at
rest in the vicinity of the ablation electrode substantially
modifies electrical current distribution, which can be con-
firmed by comparing the lesion contours (dashed and solid
black lines for proximal and distal occlusion, respectively, in
Figures 3 and 5(A,C)) at 15 s, since at the start of heating the
lesion is mainly created by electrical energy deposition rather
than thermal conduction. Our main hypothesis to explain
this phenomenon is that in short durations (15 s or less) the
lesion is mostly created by the power absorbed by the tissue
(SAR, Specific Absorption Rate, W/m3), which depends on
current density and tissue conductivity (r) at each point
(SAR¼ J2r). In other words, the thermal conduction mech-
anism only plays a minor role in the first few seconds. For
this reason, SAR will be more or less similar for circulating
blood (no occlusion) and for distal occlusion (distal occlu-
sion), potentially explaining the similarity between the distal
occlusion and no-occlusion lesions. Using the same reason-
ing, the proximal occlusion (in which a significant volume is
occupied by an air-pocket, with a drastically lower r value)
induced much lower SAR values and hence smaller lesions.
This can also be seen in Figure 6, where the electrical current
density is plotted. The current density is lower between AW
and CS when the air-filled balloon is present (see Figure
6(B)), which suggests that electrical currents are diverted
around the balloon, thus preventing lesion growth in both
depth and width. This seems to be true for short durations
(15 s), as shown in Figures 3, 5(A,C), where lesion size in the
presence of a balloon (proximal occlusion) is always smaller
than other cases. Surprisingly, the behavior seems to be the
opposite as time progresses, as shown in Figures 4 and
5(B,D), when lesion size in the presence of a balloon (prox-
imal occlusion) is always bigger than other cases. This
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suggests that the presence of air also substantially modifies
thermal conduction, which becomes more relevant than elec-
trical conduction in long durations. The explanation could lie
in the different thermal inertia (I ¼ ffiffiffiffiffiffiffikqcp ) of air and blood. In
the case of proximal occlusion, the inertia of air being much
lower than that of blood (270 times smaller) would imply a
shorter time for the material to reach equilibrium, i.e., higher
temperatures at 60 s, and hence larger lesions.
An interesting aspect of our results is the fact that for
long ablations the CS itself can be thermally affected under
occlusion. Although this may be considered as undesirable,
the truth is that the existence of electrical connections
between the AW and CS suggests that the thermal ablation
must sometimes reach the CS itself in order to eliminate
these connections [36,37]. Our computer results suggest that
the combination of long ablation and occlusion (both distal
and proximal) would facilitate mitral isthmus ablation.
We obtained similar lesion sizes for different catheter
positions, as opposed to the numerical study carried out by
Panescu et al. [38], in which the 45 lesions were bigger.
However, this cannot be compared with the present study,
since they modeled a constant temperature ablation (with
higher applied power in the 45 case) while we modeled the
usual clinical constant-power ablative mode used with an irri-
gated-electrode.
Our results suggested that the blood flow rate has no
impact on modeled lesion size. As can be seen in Figure 7,
lesion depth and width at epicardium level were not affected
at any ablation time when the blood flow rate was increased
from 8.5 to 25 cm/s. All this seems to be in agreement with
experimental data that show that blood flow does not have
an impact on lesion size with irrigated electrodes [25].
This modeling study is the first step in providing a
method of helping electrophysiologists to predict lesion size
Figure 5. Temperature distributions (scale in C) for the case of 3.4mm atrial wall and 1mm between atrial wall and CS, considering two electrode angular orien-
tations with respect to the tissue: 45 at 15 s (A) and at 60 s (B); and 0 (parallel) at 15 s (C) and at 60 s (D). Lines represent the thermal lesion contours for the cases
without occlusion (solid white line), with distal occlusion (solid black line), and with proximal occlusion, i.e., with the 40mm balloon just below the electrode
(dashed black line).
Figure 6. Current density around CS for cases without balloon (A) and with air balloon (B). Note that electrical current is drastically distorted by the presence of
the balloon. The current goes through the CS in the case without a balloon, whereas it surrounds the CS when an air-filled balloon is placed inside it.
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in response to occlusion and how they could use this infor-
mation to plan a procedure under a more or less simplified
scenario. Future modeling studies will include personalized
MRI patient geometries in order to optimize the procedure
for individual patients.
Limitations
The main limitation of this study was the lack of experimen-
tal validation, which implies that there may be unknown
temperature errors. The results were presented and discussed
in terms of thermal lesion size, specifically, width and depth
at the epicardial level. This approach allows an indirect com-
parison of the impact of vascular flow and its possible cessa-
tion by occlusion on the transmurality of the lesion across
the AW, and hence on the clinical outcome of the ablation
procedure. Note that the presence or absence of transmural-
ity observed in the computer results also depends on many
other factors which have been not assessed in this study,
such as applied power, the tissue’s electrical characteristics,
and the insertion depth of the electrode in the tissue.
However, the present conclusions should remain valid were
these factors to be changed.
The power value used in the simulations (10W) is much
lower than that used in actual clinical practice (25–30W).
This ‘adjustment’ has been used by some other computer
models [18,38] and ex vivo setups [39] (which employ power
levels between 5 and 15W). The reason for this is that com-
puter models only include a fragment of the thorax, and
thus ignore part of the electrical circuit, in which the pro-
gramed power is actually absorbed, so that less power must
be used in these limited-domain models than in clinical prac-
tice. To overcome this limitation, we opted for using the
same constant power protocol in all the cases involved.
Conclusions
Our findings suggest that using an air-filled balloon to
occlude the coronary sinus facilitates mitral isthmus ablation
in long ablations (60 s). In contrast, proximal occlusion could
impede transmural lesions in the case of short ablations
(15 s). These conclusions could be equally valid for other
vascularized tissues subjected to RF ablation in which an
occlusion balloon could be applied.
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